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ABSTRACT: To investigate the changes of circulating endothelial progenitor cells (EPCs) and stromal cell-
derived factor-1a. (SDF-1a)/CXCR4 expression in patients with mild traumatic brain injury (TBI) and the
correlation between EPC level and the prognosis of mild TBI. 72 TBI patients (57 mild TBI, 15 moderate TBI
patients) and 25 healthy subjects (control) were included. The number of circulating EPCs, CD34*, and CD133*
cells and the percentage of CXCR4* cells in each cell population at 1,4,7,14,21 days after TBI were counted by
flow cytometer. SDF-1a levels in serum were detected by ELISA assay. The patients were divided into poor
and good prognosis groups based on Extended Glasgow Outcome Scale and Activity of Daily Living Scale at 3
months after TBI. Correlation analysis between each detected index and prognosis of mild TBI was performed.
Moderate TBI patients have higher levels of SDF-1a and CXCR4 expression than mild TBI patients (P < 0.05).
The percentage of CXCR4* EPCs at day 7 post-TBI was significantly higher in mild TBI patients with poor
prognosis than the ones with good prognosis (P < 0.05). HAMA and HAMD scores in mild TBI patients were
significantly lower than moderate TBI patients (P < 0.05) in early term. The percentage of CXCR4* EPCs at
day 7 after TBI was significantly correlated with the prognosis outcome at 3 months. The mobilization of
circulating EPCs can be induced in mild TBI. The expression of CXCR4" in EPCs at 7 days after TBI reflects
the short-term prognosis of brain injury, and could be a potential biological marker for prognosis prediction
of mild TBI.

Key words: traumatic brain injury, endothelial progenitor cells, C-X-C chemokine receptor type 4 (CXCR-4),
stromal derived factor-1 (SDF-1)

Traumatic brain injury (TBI) is a complex injury with a  injury is sharply increased, and up to 49.7% of American
broad spectrum of symptoms and disabilities [1, 2]. ex-servicemen with blast head injury develop mild TBI
Approximately 75% of all TBIs are mild [3, 4]. Inlast 20  [5]. This has resulted in more attention has been paid to
years, with the increasing number of military conflicts, the ~ mild TBI [6].

incidence of mild TBI caused primarily by blast head
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Tanriverdi et al [7] have demonstrated that headache,
dizziness and memory impairment are the most common
symptoms of mild TBI which affect patient’s mental and
physical health and thereby influence a patient’s daily life
and job. However, mild TBI can be easily missed due to
its mild symptoms and lack of long-term follow-up, and
because of this it is often not treated effectively. Early
identification of TBI can help guide treatment and provide
reference information for later rehabilitation, facilitating
enhancement in therapeutic efficacy and rational
assignment of medical treatment resources. To the best of
our knowledge, no biological markers have yet been
identified for the early prognosis of mild TBI, and
searching for such biological markers has become one of
the most concerned topics in the field of TBI research.

Endothelial progenitor cells (EPCs) play a critical
role in maintaining the integrity of vascular endothelium,
participate in post-traumatic angiogenesis and tissue
repair, and show encouraging application prospects [8, 9].
Previous studies have demonstrated that circulating EPC
numbers may be a cytological index for predicting the
prognosis of severe TBI patients [10, 11]. Our previous
study further confirmed that EPCs were rapidly mobilized
from the bone marrow into the blood after TBI, and
recruited to sites of injury, where they promoted
neovascularization, or directly proliferated and
differentiated into endothelial cells to form vessels,
participate in tissue repair and thereby improve neural
functional outcome [12]. Lower levels of circulating
EPCs are correlated with worse functional outcome in
severe TBI patients [12]. However, how circulating EPC
levels change in mild TBI is poorly understood.

Stromal cell-derived factor-1 (SDF-1), i.e,
chemokine (C-X-C motif) ligand 12 (CXCL12), belongs
to the CXC chemokine family [13]. Its receptor,
chemokine (C-X-C motif) receptor type 4 (CXCR-4) can
be expressed on the surface of EPCs [14], monocytes,
lymphocytes, hemopoietic stem cells/progenitor cells [15-
17] neurons and glial cells [18]. Petit et al found that by
binding to CXCR4, SDF-1a promotes EPC migration
along a SDF-1a concentration gradient, and inhibits the
apoptosis of EPCs [19]. Li et al [20] have demonstrated
that SDF-1a mobilizes CD34*/CXCR4* cells to the sites
of injury after TBI, which promotes neovascularization in
the traumatic region and benefits for post-traumatic brain
tissue repair and functional reconstruction. Therefore, the
SDF-10/CXCR4 axis may play an important role in the
repair of neurovasculature after TBI. It is hypothesized
that (1) characteristic changes of peripheral blood EPCs
also exist in mild TBI patients; (2) peripheral blood SDF-
lo and the CXCR4 expression in different cell
populations might be related to the prognosis of mild TBI
patients.

MATERIALS AND METHODS
General data

TBI patients admitted to Tianjin Medical University
General Hospital, China from May 2012 to April 2015
and aged 16-75 years old were screened. The study
protocol was approved by the Institutional Review Board
of Tianjin Medical University, China for the use of human
subjects in biomedical research. All subjects or guardians
signed consent forms before enrollment. All patients were
admitted in the department of neurosurgery within 12h
after injury, and received a complete neurological and
imaging exam.

Exclusion criteria: Patients with open TBI or with
complex trauma involving body limbs and trunk,
hematologic disorders, cancer and patients on sedation
were excluded. Severe TBI patients with Glasgow Coma
Scale (GCS) <9 or patients that could not tolerate
conservative treatment were excluded.

Inclusion criteria: Closed TBI patients with GCS
between 9 and 15 were included. TBI patients with a GCS
of 13~15 were assigned to a mild TBI group, while those
with a GCS of 9~12 were enrolled as the moderate TBI
group. Simultaneously, 25 age and gender-matched
healthy volunteers were recruited as the control group.
Patients enrolled were treated according to the guidelines
for TBI management [21]. All patients have imaging
evidence of acute trauma-related intracranial lesion in the
emergency department by computed tomography (CT)
scans such as subarachnoid hemorrhage (SAH), cerebral
contusion, intracranial hematomas and so on. All the TBI
patients enrolled were conservatively treated. The
following treatments were provided for all TBI patients as
needed, including osmotic dehydration treatment using
mannitol if the intracranial pressure was diagnosed to
increase, glucose-lowering treatment for hyperglycemia,
antihypertensive treatment for hypertension, acid
inhibitor for peptic ulcer, supportive therapy for nutrition,
fluid, and electrolyte balance requirements.

Collection of blood samples

At 7:00 a.m. of days 1, 4, 7, 14 and 21 after TBI, 6 mL of
peripheral blood was collected from the TBI patients and
25 normal controls. 4 mL of the blood sample was added
to an ethylene diamine tetraacetic acid (EDTA)-K2
anticoagulant tube. Peripheral blood mononuclear cells
(PBMCs) were isolated and subjected to flow cytometry
(BD FACS Calibur, BD Biosciences, San Jose, CA). The
remaining 2 mL of blood was centrifuged at 3,000 r/min
for 15 minutes in a coagulation-promoting vacuum tube
and the supernatant was collected to test for SDF-1a.
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Blood from the normal controls was used to establish
the baseline for flow cytometry and ELISA assay.

Flow cytometry

2 mL of the EDTA blood sample was centrifuged at 300
xg for 20 minutes at room temperature. The isolated cells
were washed with phosphate buffer saline (PBS) (pH 7.2)
three times, re-suspended in 200uL PBS supplemented
with 2 mmol/L EDTA and 0.5% bovine serum albumin
(BSA). Thereafter, cells were labeled with fluorescein
isothiocyanate-conjugated CD34 monoclonal antibody
(BD Pharmingen, San Jose, CA, USA), R-phycoerythrin-
conjugated monoclonal CD133 antibody (Miltenyi
Biotech, Gladbach, Germany) and allophycocyanin-

conjugated monoclonal CD184 (CXCR4, BD
Pharmingen) for 20 minutes at room temperature. Stained
cells were washed with PBS/BSA and then analyzed by
flow cytometry. Three isotype controls of R-
phycoerythrin-,  fluorescein  isothiocyanate-  and
allophycocyanin- conjugated mouse IgG were used for
background nonspecific binding.

Cells were first run on forward scatter and side scatter
to select mononuclear cells to reduce signal noises from
cell aggregates, platelets, and cellular debris. 8x10°
CD34", CD133* and CD34"/CD133" cells were counted.
The percentage of CXCR4" cells in each cell population
was calculated. Selection of cell population by flow
cytometry is shown in Fig. 1. Comparisons between
groups were then performed.
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Figure 1. A sample illustration of detecting the percentage of CXCR4" cells in circulating EPCs. (A) Cells were first run
on a forward and side scatter to select mononuclear cells. (B) The selected cells were then gated on FITC-CD34 and PE-
CD133 to choose CD34, CD133* and double positive EPCs. (C) The percentages of CXCR4™ cells on each cell population

(EPCs) were finally measured by APC-CXCR4 staining.

Serum SDF-1a measurement by ELISA

100 pg of each cell standard sample was added to an
ELISA reader and 100 pL distilled water was used in the
control group. With the exception of control group, S0uL
enzymatic labeling solution was added. All ELISA plates
were incubated at 37°C for 1 hour, then thoroughly
washed, and dried using absorbent paper. This procedure
was repeated three times. Then chromogenic agents A, B
(each 50 uL) were added to each well for a 15 min reaction
in the dark at room temperature. 50 pL stop buffer was
added to each well to terminate the reaction. The
absorbance at 450 nm was read. According to standard
curve, serum level of SDF-1a was calculated.

Prognosis and psychological outcome follow-ups

1. GCS and grouping: Patients were assigned to mild TBI
group and moderate TBI group according to GCS on
admission. The TBI patients with GCS of 13~15 were
assigned to the mild TBI group; those with a GCS of 9~12
were enrolled as moderate the TBI group. The mild TBI
patients were further assigned to either good or poor
prognosis groups on the basis of 3-month follow up
outcomes.

Prognosis post TBI was evaluated using the Extended
Glasgow Outcome Scale (GOS-E) and Activity of Daily
Living Scale (ADLS) [22]. The GOS-E, derived from the
GOS, is a 5-point scale, with higher points indicating
better prognosis. Compared to the GOS, the GOS-E is
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more sensitive to changes in TBI, even to slight symptoms
(headache or dizziness). The ADLS was composed of the
Physical  Self-Maintenance  Scale (PSMS) and
Instrumental Activities of Daily Living Scale (IADL).
The IADL provides detailed scores and can help
effectively evaluate the prognosis of TBI patients. The
PSMS contains six items and the JADL contains 8 items,
with 1-4 points per item. A score of 14 points is
considered normal, and score of less than 14 points
suggests different degrees of function impairment.

Group A (Good prognosis group): TBI patients with
full mark of GOS-E and ADLS. (GOS-E score of ;
ADLS score of 14 points)

Group B (Poor prognosis group): TBI patients
without full mark of GOS-E and ADLS. (GOS-E score <7
points; ADLS score >15 points)

2. Psychological outcome measurements: The
Hamilton Anxiety Scale (HAMA) and Hamilton
Depression Scale (HAMD) were employed to gauge the
possible anxiety and depression symptoms of TBI patients
at 3 and 6 months after TBI. The HAMA (14 items,
scores in the range of 0-56) were used to evaluate the level
of anxiety (0-17 indicative of mild anxiety, 18 - 24 mild
to moderate anxiety, 25 - 56 moderate to severe anxiety).
The HAMD (17 items, scores in the range of 0-51) were
used in this study to measure the severity of depression
(normal 0-7, mild depression 8-13, moderate depression
14-18, severe depression 19-22, very depression>=23).
These two scales were used in this study to gauge the

Table 1. Comparison of general data of TBI patients.

severity of anxiety and depression symptoms in TBI
patients.

Statistical analysis

All data were statistically processed using SPSS 17.0
software (SPSS, Chicago, IL, USA). The Shapiro-Wilk
test was used in each group to evaluate whether data have
a normal distribution. The normally distributed
measurement data were expressed as the mean + SD. The
unpaired t-test and chi-square test were used. P < 0.05 was
considered statistically significant. Stepwise binary
logistic regression was used (inclusion criteria a = 0.05,
exclusion criteria o = 0.10) to screen the main factors that
influence the prognosis of TBI patients. Pearson's
correlation coefficient was used to indicate the correlation
between detected indices and the prognosis of TBI. The
receiver operating characteristic (ROC) curve was used to
assess the accuracy of predictions.

RESULTS
General data of TBI patients (Table 1)

A total of 72 TBI patients (57 mild TBI, 15 moderate TBI
patients) and 25 normal controls were enrolled. With the
exception of hospital days and GCS scores at admission,
there were no significant differences in gender, age, time
interval between onset and hospital admission and injury
causes between mild and moderate TBI patients.

Mild TBI group

Moderate TBI group

Item (n=57) (n=15) P value
Gender [n (%)] 0.793
Male 40 (70.18%) 10 (66.67%)
Female 17 (29.82%) 5(33.33%)
Age (year) 48.19+16.63 41.80+19.58 0.283
Time interval between onset and hospital ~ 5.34+2.16 5.10£2.69 0.758
admission (hour)
Hospital days 13.87+7.14 24.60+7.85 0.000*
GCS score at admission 14.44+0.60 10.47+0.92 0.000*
Open/closed TBI [n (%)] 15 (26.3%)/42(73.7%) 4 (26.7%)/11(73.3%) 0.607
Injury causes [n (%)]
Stumble 12 (21.05%) 0 (0%) 0.052
Violence 14 (24.56%) 3 (20%) 0.711
Motor vehicle accidents 21 (36.84%) 9 (60%) 0.106
High falls 10 (17.54%) 3 (20%) 0.826

All data were expressed as the mean £ SD. *P < 0.05. TBI: Traumatic brain injury; GCS-E: The Extended Glasgow Outcome Scale.
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Figure 2. Prognosis and mental state of TBI patients. (A) Moderate TBI significantly induces a worse prognosis after TBI
compared to the mild TBI group at 3 and 6 months after TBI, identified by GOS-E, IADL and ADLS scores. (B) HAMA and HAMD
scores were significantly increased in the moderate TBI group compared to mild TBI group (p < 0.05) at 3 and 6 months after TBI.
There was no significant difference in HAMA and HAMD scores between 3 and 6 months after discharge in mild or moderate TBI

patients, respectively.

Taking the measured indices of the normal control (n
= 25) as a baseline level, indexes comparison among mild
TBI, moderate TBI and control groups were performed. A
previous study has reported that the majority of symptoms
could be relieved 1-3 months after TBI [23]. Mild TBI
patients with GOS-E=8 and ADLS =14 were designated
as good prognosis, while the ones with GOS-E less than 8
or ADLS more than 14 were set as poor prognosis. At the
3-month follow up, 27 mild TBI patients had good
prognosis (47.4% of mild TBI patients) and 30 patients
from the mild group had a poor prognosis. Based the

above prognosis standard, none of moderate TBI patients
in this study had a good prognosis, three of the moderate
TBI patients had aggravation 7 days after admission with
GCS dropping to 6-8. The prognosis of TBI patients at
different time points was shown in Fig. 2. There was no
significant difference in each scale score between 3 month
and 6 month after TBI.

Figure 3. Number of CD34*, CD133* and EPCs
in the peripheral blood. (A) Number of
circulating EPCs in mild and moderate traumatic
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brain injury (TBI) patients, showing a similar
tendency of “from low to high”, peaked at 7 days
and then gradually decreased and was significantly
higher than that in the control group at 7 and 14
days after TBI (*p < 0.05). (B) Mild TBI patients
were further divided into a good prognosis group
(group A) and a poor prognosis group (group B).
There was no significant difference in EPC
number among group A, group B and moderate
TBI group (P > 0.05). (C) CD34" cell number in
the peripheral blood of mild and moderate TBI
patients was very high in the early stage after TBI
and began to significantly decrease at 7 days after
TBI, and was significantly higher than control
group at 1, 4, 7 and 14 days after TBI (*p < 0.05).
There was no significant difference in CD34" cell
number between mild and moderate TBI groups (p
>0.05). (D) CD133* cell number in the peripheral
blood of all TBI patients was also very high in the
early stage after TBI and began to significantly
decrease at 7 days after TBI, and was significantly
higher than the control group at 1, 4, 7, 14 and 21
days after TBI (*» < 0.05). There was no
significant difference in CD133* cell number
between mild and moderate TBI group (p > 0.05).
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The changes of circulating EPCs, CD34" and CD133"*
after TBI:

Fig. 1 shows a typical example of EPCs cells that were
labeled with both CD133 and CD34 antibodies. We also
included triple labeled cells (antibodies for CXCRA4,
CD34 and CD133) were used to estimate the numbers of
CXCR4+ EPCs. Early stage EPCs (marked by CD133)
and total endothelial cells (marked by CD34) were also
measured by flow cytometry.

A

CXCR4* EPCs

Compared with the normal control, circulating EPC
levels from either mild or moderate TBI patients were
slightly decreased at one day after TBI, then rapidly
increased, peaked at 7 to 14 days after TBI and then
gradually decreased to baseline level (7" day: F = 6.038,
P =0.017; 14" day: F = 7.639, P = 0.009). However, the
levels of circulating EPCs either between mild and
moderate TBI or between mild TBI patients with good
(group A) and bad prognosis (group B) did not show
significant difference (P > 0.05) (Fig. 3A and 3B).
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Figure 4. Percentage of CXCR4" cells on EPCs, CD34" and CD133" cells in TBI patients. (A, D, G) show the percentages
of CXCR4+ cells in EPCs, CD34* or CD133" cells were significantly higher than the baseline level (control group; *p < 0.05)
at early stage (within 14 days) after TBI and then gradually decreased in the following days. (B) The percentage of CXCR4"
cells in EPCs of mild TBI patients was significantly higher than that in the control group (*p < 0.05) at 1, 4, and 14 days after
TBI. The percentage of CXCR4" cells in EPCs in the mild TBI group was significantly lower than the moderate TBI group at
4,7,14, 21 days (*p < 0.05). (E, H) There was no significant difference between mild TBI and moderate TBI groups (P > 0.05)
in circulating CD34* and CD133"* cell expression. (C, F, I) Mild TBI patients were further divided into a good prognosis group
(group A) and a poor prognosis group (group B). (C) The percentage of CXCR4/EPC in group A was significantly lower than
group B at 7 days after TBI (F = 11.375, *p = 0.002). (F) The percentage of CXCR4*/CD34" cells in group A was significantly

lower than group B at 7 days after TBI (F = 6.124, *p = 0.02). (I) The percentage of CXCR4/CD133" cells in group A was
significantly lower than group B at 7 days after TBI (F = 7.435, *p =0.011).
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After TBI, both CD34" and CDI133" cells were
significantly increased within 14 days (p < 0.05, Fig. 3-C-
D) and gradually decreased to baseline level at 21 days
when compared to normal controls (p < 0.05). There were
no significant differences in the level of circulating
CD34" and CD133" cells between mild TBI and moderate
TBI patients or between mild TBI patients with good
(group A) and bad prognosis (group B) (p > 0.05) (Fig.
3C, D).

The changes of circulating  CXCR4'/EPC,
CXCR4"/CD34" and CXCR4"/CD133" after TBI

We further tested the changes of CXCR4 expression in
EPCs, CD34" or CD133" cells in mild and moderate TBI
patients. The percentage of CXCR4" cells in EPCs was
significantly increased at an early stage (within 14 days)
after TBI compared to the normal control. The level of
CXCR4'/EPC gradually decreased to baseline at 21 days
after TBI. The percentage of CXCR47/EPCs was
significantly decreased in mild TBI patients compared to
the moderate TBI groups during 4-21 days after TBI (p <
0.05). The patients with a mild TBI and good prognosis
(group A) had lower CXCR47/EPCs levels 7 days after
TBI (F = 11.375, p = 0.002) than the patients with mild
TBI with poor prognosis (group B), (Fig. 4A, B, C).
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The changes in the level of CXCR47/CD34* and
CXCR47/CD133" cells were similar to the changes of
CXCR4/EPCs after TBI. However, there was no
significant difference in the levels of either
CXCR47/CD34" or CXCR47/CD133* cells between mild
TBI and moderate TBI patients (p > 0.05) (Fig. 4E, H).
However, the percentage of CXCR4%7/CD34" and
CXCR4%/CD133* cells were significantly decreased in
mild TBI with good prognosis (group A) when compared
to the one with bad prognosis (group B) at day 7 after TBI
(for CXCR4*/CD34*: F = 6.124, P = 0.02; for
CXCR4/CD133*: F =7.435, p=0.011) (Fig. 4F-I).

Serum SDF-1a level

SDF-1a is released from injured brain tissue to peripheral
blood after TBI [24]. The SDF-la ELISA assay
determined that the serum SDF-1a level significantly
increased immediately after TBI and then gradually
decreased (Fig. 5). SDF-la levels were significantly
higher in the moderate TBI patients than in the mild TBI
patients (p < 0.05) at 1 and 4 days after TBI. However,
there is no significant differences in serum SDF-1a levels
between the mild TBI with good progress (group A) and
those with poor progress (group B) (p > 0.05).
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Figure 5. Changes in serum SDF-1a level after TBI. (A) Serum SDF-1a levels in mild and moderate TBI groups were significantly
increased at 1,4,7,14 and 21days after TBI compared to control group (* p <0.05). SDF-1 was significantly higher in the moderate
TBI group than the mild TBI group at 1 and 4 days after TBI (# p < 0.05). (B) Mild TBI patients were further divided into a good
prognosis group (group A) and a poor prognosis group (group B). There was no statistical significance in SDF-1a levels between

group A and B.
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Figure 6. Correlation analysis. (A) There is significant relationship between percentage of CXCR4*/EPCs (7 day after
admission) in mild TBI patients (R= 0.518, p = 0.002) with the prognosis at 3 months after TBI. (B) There is significant
correlation between percentage of CXCR4*/EPCs (7 day after admission) in all TBI patients (R= 0.605, p = 0.000) with

the prognosis at 3'¢ month after TBL

Follow-up outcomes

57 mild TBI patients and 15 moderate TBI patients were
included in the follow-up analysis. The prognosis of TBI
patients is shown in Fig. 2 and 6.

Anxiety measurements by HAMA scores: Among
mild TBI patients, eight presented with anxiety 3 months
after TBI (14.0% of mild TBI patients). According to
HAMA scores, two of them had moderate anxiety and six
had mild anxiety. Among the moderate TBI patients, four
presented different degrees of anxiety (26.7% of moderate
TBI). Two of them had moderate anxiety and the other
two had mild anxiety. Compared with moderate TBI
patients, those with mild TBI had lower HAMA score
(less anxiety) at 3 months (P < 0.05), but not at 6 months
(P> 0.05) after TBI.

Depression measurements by HAMD scores: At 3
months after TBI, five mild TBI patients had symptoms
of depression. One of them had moderate depression and
four of them had mild depression. Three moderate TBI
patients suffered from depression, where two were

moderate and one had mild depression. Compared with
the moderate TBI patients, the mild ones had lower
HAMD scores (lower depression) at 3 and 6 months after
TBI (P < 0.05). These findings suggested that moderate
TBI patients had more severe anxiety and depression than
mild ones.

Correlation between percentage of CXCR4" cells in each
cell population and TBI patient’s prognosis

Taking the percentage of CXCR4" cells in peripheral
blood CD34*, CD133" cells and EPCs as a concomitant
variable and patient’s prognosis at 3 months as a
dependent variable, binary logistic regression was
performed (Table 2). Among all concomitant variables,
only X3, i.e., the percentage of CXCR*/EPCs at 7 days
after TBI was significant (P = 0.036, OR= 1.135) and was
taken as an independent risk factor influencing the
prognosis of mild TBI patients. The logistic regression
equation of X3 was LogitP=1.135X3-23.963. The other
variables were not significant (P > 0.05) (Table 2).

Table 2. Logistic regression analysis results of each factor that influences the prognosis of patients with mild

traumatic brain injury

95% confidence interval

Concomitant Regression Standard Wald OR

variable coefficient  error value p Lower Upper
limit limit

X1 0.149 0.077 3.789 0.052  1.161 0.999 1.350

X 0.108 0.059 3.407 0.065 1.114 0.993 1.250

X3 0.127 0.060 4.407 0.036* 1.135 1.008 1.278

Constant -23.963 9.275 6.675 0.010  0.000

X;: CD34" cells; X,: CD133" cell; X3: EPCs; *P < 0.05.
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Figure 7. Receiver operating characteristic (ROC) curve.
ROC created based on the percentage of CXCR4"/EPCs at day
7 after admission and the prognosis of patients with mild TBI.
The area under the AUC was 0.807 (95% CI = 0.656-0.958,
critical value = 42.35%, p = 0.003).

A correlation analysis between the level of CXCR*/EPCs
at 7 days after TBI (Y-axis) and the prognosis state at 3
months after TBI (X-axis) was performed using Pearson
correlation coefficients analysis. The data shows that the
CXCR4'/EPCs level of TBI patients is correlated with the
recovery of neurological function 3 months after TBI in
all TBI patients (R= 0.605, P =0.001), as well as in mild

TBI patients (R=0.518, P =0.002). These findings further
suggested that the level of CXCR4"/EPCs on day 7 was
correlated with the patient’s prognosis. Patients with
higher levels of CXCR4*/EPCs had poorer neurological
outcome after TBI (Fig. 6).

A receiver operating characteristic (ROC) curve was
made taking the percentage of CXCR4" cells in EPCs as
detection variable and prognosis at 3 months after TBI as
state variable (Fig. 7, Table 3). The area under the curve
(AUC) was 0.807 (95% CI: 0.656-0.958, P = 0.003) at a
sensitivity of 0.840 and specificity of 0.727 for patients
with mild TBI. It implied that AUC can be used as an
indicator for predicting the prognosis of mild TBI
patients. According to the ROC curve, the optimal cut-off
value (the percentage of CXCR4" cells in EPCs) is
42.35%, which could predict the prognosis of mild TBI,
showing good application value. That is to say, when the
percentage of CXCR4" cells in EPCs in mild TBI patients
at 7 days after injury was greater than 42.35%, a poor
prognosis should be considered. As a result of prognostic
follow up observation, 8 out of 27 mild TBI patients with
good prognosis had percentages of CXCR4+ EPCs higher
than 42.35% (false positive). On the other hand, 4 out of
30 mild TBI patients with poor prognosis showed a value
lower than 42.35% (False negative).

The percentage of CXCR4+/EPCs of both mild and
moderate TBI patients at 7 days after TBI was positively
correlated with the HAMA and HAMD scores at 3 months
after discharge (HAMA: R =0.501, P =0.003; HAMD: R
=0.515,P=10.002) (Fig. 8). It suggested that patients with
higher percentage of CXCR4* EPCs at 7 days after TBI
presented obvious anxiety and depression.

Table 3. Parameters of receiver operating characteristic (ROC) curve created based on the percentage of
CXCR4" cells in EPCs at 7 days after admission and the prognosis of patients with mild TBI

Grou Critical Area under Standard 95% confidence interval
P value the curve error Lower limit Upper limit
Mild TBI (n=57) 42.35 0.807 0.077 0.003* 0.656 0.958
*p < 0.05.
DISCUSSION emotional disturbances, which could last for 3-6 months

Mild TBI primarily presented with headache, dizziness,
and memory impairment, of which most which will be
completely resolved within 1-3 months after TBI
However, a large proportion of mild TBI patients had

after TBI. These patients are easily ignored by clinical
physicians. Applying the GOS-E and ADLS at 3 months
post-TBI, the 57 mild TBI patients could be subgrouped
into good prognosis and poor prognosis groups. In order
to explore the possibility of a mild TBI biomarker, we
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checked circulating EPC levels and its subtype of
CXCR4" EPCs in different subgroups of mild and
moderate TBIs. To our knowledge, this is the first time
anyone has shown a change in the circulating EPCs in
mild TBI patients. It was surprising that both mild and
moderate TBI increases circulating EPC, CD34" and
CD133" cells levels compared to normal control in the
early stage of TBI. There is no significant difference in
the number of these cells between moderate TBI and mild
TBI. Furthermore, changes in EPC levels (marked by
double antibodies of CD347/CD133*) did not show
significant correlation with the prognosis of mild or
moderate TBI. We also checked the change of the other
subtypes of endothelial cells marked by CD34 and
CD133. CD34" cells are primarily detected on stem cells
of endothelial lineage. CD133" cells are highly expressed
on EPCs at early stage and their changes were identified
in severe TBI in our previous study [11,25]. EPCs
participate in angiogenesis and maintain vascular
endothelial stability, showing great significance for tissue
repair [8, 9]. Under the condition of trauma and
inflammation, partial EPCs could be mobilized from bone
marrow to peripheral blood [26] and then to the sites of
injury to participate in repair and regeneration of injured
vessels. According to this and our previous studies,
circulating EPCs are down-regulated in the early stage of
TBI, and then up-regulated, no matter the severity of the
brain injury. This seems to imply that inflammation can
be induced by a TBI of any severity. In addition, changes
in the EPC population could not be used to differentiate
the TBIs of different severity.

This study also seems to show that the percentage of
CXCR4" cells in EPCs was significantly higher in the
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moderate TBI than the mild TBI patients from day 4 to
day 21, and significantly higher in the poor prognosis
group (group B) than the good prognosis group (group A)
at day 7. At the same time, the level of the ligand of
CXCR4, SDF-1a (CXCL12), a member of the CXC
chemokine family, has been found to be higher in
moderate TBI than mild TBI. SDF-1a has been shown to
play a key role in migration of hematopoietic cells and
tumor cells. It has also been shown to be excreted by nerve
and glial cells, and plays an indispensable role in the
occurrence and development of the nervous system [27].
CXCR4, as a specific receptor of SDF-1a, is expressed on
the surface of nerve cells and glial cells in addition to
monocytes and lymphocytes [28,29] in multiple regions
including the caudate nucleus, globus pallidus and
substantia nigra [30]. The synergism of SDF-loa and
CXCR4 is crucial at the early stage of inflammation,
where they act to control lymphocyte mobilization [31].
The inhibition of CXCR4 could significantly reduce the
inflammation cytokines and cells [32]. There are several
reports in the literature that confirm an inflammation
reaction in mild TBI [33,34]. Thus, it is reasonable to
imply that inflammation is induced in the both mild and
moderate TBL
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Figure 8. Correlation between the percentage of CXCR4"/EPCs and psychological state after TBI. (A) Figure shows
significant correlation between the percentage of CXCR4'/EPCs at day 7 after TBI and the HAMA score at 3 months after
discharge (R = 0.501, p = 0.003). (B) Figure shows significant relationship between the percentage of CXCR4*/EPCs at
day 7 after TBI and the HAMD score at 3 months after discharge (R=0.515, p = 0.002).
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The level of SDF-la did not show significant
difference between mild TBIs with either good or poor
prognosis, while the CXCE4* EPC levels could clearly
differentiate between mild TBIs of different prognosis.
Furthermore, several other studies have shown that
injecting SDF-1a promoted the repair of injured brain
tissue. However, this repair could be inhibited by blocking
CXCR4 [35,36]. Thus, it is suggested that the expression
of CXCR4 might be more sensitive in detecting brain
injury, and a therapy targeting CXCR4 could be a new
therapeutic strategy for TBI in the future.

Our previous study disused the increased expression
of SDF-10/CXCR4 in the injured brain induced
angiogenesis and neural tissue repair [20]. CXCR4 is also
expressed on the surface of EPCs [14, 15] and contributes
to local angiogenesis and tissue reconstruction. Isabelle et
al reported that SDF-lo promotes the homing and
proliferation of EPCs and inhibits apoptosis of EPCs by
binding to CXCR4 [19]. We found that serum SDF-1a
was significantly increased in mild and moderate TBI
patients compared to normal controls. However, moderate
TBI patients have higher levels of serum SDF-1a than
mild TBI patients in early stage (one and four days after
TBI). It indicated that TBI stimulates SDF-1a secretion at
an early stage after TBI, and SDF-1a release is correlated
with the severity of brain injury.

Flow cytometry results show that during 1-4 days
after TBI, the percentage of CXCR4" cells in each cell
population was significantly greater than the control
group (P < 0.05), showing a similar tendency to serum
SDF-1a level. The expression levels of SDF-1a/CXCR4
is consistent with the changes of circulating EPCs. These
findings suggest that the SDF-10/CXCR4 axis is likely to
be one of factors that promote circulating EPCs and their
subpopulation cells (CD34 and CD133) mobilization. In
addition, high levels of SDF-1a/CXCR4 plays a
chemoattractant role in leukocytes [37,38]. SDF-
1o/CXCR4 axis is critical during allergic airway disease
and potentially relevant in other inflammatory processes
[39]. The role of the CXCR4" EPCs in the inflammatory
regulation in the TBI is strongly suggested. The specific
biological mechanism on CXCR4" EPCs after TBI is
needed to confirm by further studies.

We found that the percentage of CXCR4" cells in
EPCs was significantly higher in moderate TBI than mild
TBI patients, indicating that there may be a close
relationship between the severity of TBI and its CXCR4*
EPC levels. The percentage of CXCR4" cells in EPCs
decreased closer to baseline sooner and more significantly
in the mild TBI group than in the moderate TBI group.
There was no significant difference between the mild TBI
group and the baseline level of this index as early as 7
days after injury, while the moderate TBI group was still
at a high level. The same trend was also found in the

comparison between group A (good prognosis) and group
B (poor prognosis). The percentage of CXCR4™ cells in
EPCs quickly and significantly dropped in group A at 7
days after TBI, compared to group B. Therefore we
hypothesize that the early reduction of this index indicates
lighter injuries and better prognosis. However, there was
on significant difference in the number of total circulating
EPCs between the moderate and mild TBI patients.

Regression analysis shows that only the percentage of
CXCRA4* cells in EPCs was correlated with the prognosis
of patients with mild TBI (OR = 1.135, P = 0.036). We
also use Pearson correlation analysis to prove that the
percentage of CXCR4" cells in EPCs on day 7 was
correlated with TBI (mild and moderate) patient’s
prognosis(R= 0.605, P = 0.000), even with significant
relationship between group A and B (R = 0.518, P =
0.002). That is to say, with an increase in the percentage
of CXCR4" cells in EPCs, patient’s prognosis became
poor. In addition, the higher the percentage of CXCR4"
cells in EPCs, the greater the HAMA (R= 0.501, P =
0.003) and HAMD (R = 0.515, P = 0.002) scores. These
findings suggest that at 7 days after TBI, patients
presented with a high percentage of CXCR4" cells in
EPCs and had significant symptoms of anxiety and
depression. According to the ROC curve, AUC was 0.807
(95% CI: 0.656-0.958, P = 0.003) at a sensitivity of 0.840
and specificity of 0.727 for patients with mild TBI and the
optimal cut-off value of the percentage of CXCR4" cells
in EPCs at 7days after TBI is 42.35%, confirming the
diagnostic value of this index. It shows that this factor
could be a valuable indicator to forecast a patients’
prognosis, even with mild TBIL.

It is worth noting that there are limitations of this
study such as relatively small sample size, which needs to
be expanded, more moderate TBI patients and even severe
TBI patients could be involved; and the follow-up time
with the TBI patients should be extended further. In this
study we found that high levels of circulating
CXCR4*/EPC at 7 days after TBI is correlated with a poor
prognosis after TBI. However, the mechanism is still not
clear and worth investigating in a future study.

In conclusion, TBI stimulates SDF-10/CXCR4
signaling activity and promotes circulating EPC
mobilization. CXCR4*/EPC levels are correlated with
poor prognosis after TBI. Therefore, circulating
CXCR47/EPC levels may predict the outcome in mild TBI
patients. Targeting CXCR4*/EPC may also provide a
novel therapeutic effect after TBI.
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